Introduction {#sec1-1}
============

Extracellular matrix (ECM), which is composed of conglomerate assembly of proteins and proteoglycans, is considered to be one of the key factors to maintain the structural integrity of cells. Triggering of intracellular and extracellular proteolytic processes during cerebral ischemia often leads to ECM degradation (Hamann et al., 2002). These proteolytic cascades result in edema, hemorrhagic transformation, activation of resident microglial cells, infiltration of circulating inflammatory cells into the brain, and neuronal insult (Yurchenko and Schittney, 1990). In cerebral ischemia, the structural integrity of ECM is lost by the action of metalloproteases (Woessner, 1991; Matresian, 1992). As reported in previous studies, cytokines play a critical role in activating matrix metalloproteinases (MMPs) during brain injury or other neurological diseases. Remodeling of ECM during development, tissue injury and inflammation is mainly attributable to the expression of MMPs (Doyle et al., 1997). Gelatinase-A (MMP-2) and gelatinase-B (MMP-9) are the key enzymes for degradation of type IV collagen which is the major component of the basement membrane (Saarialho-Kere et al., 1993; Romanic et al., 1998; Nagaoka and Hirota, 2000). Unregulated activities of MMPs were found to contribute to the development of various diseases, such as arthritis, atherosclerosis, and cancer (Nguyen et al., 2001). Asahi et al. (2000) reported that MMPs inhibition reduces ischemic lesion volume which also confirms the role of MMPs in cerebral ischemia (Asahi et al., 2000).

Resveratrol (3,5,4′-trihydroxystilbene) is a naturally occurring polyphenol. Presence of resveratrol has been reported in various plant species including grapes, peanuts as well as in red wine (Soleas et al., 1997; Chen et al., 2002). Resveratrol was found to have antioxidant and anti-inflammatory properties (Franket et al., 1993; Gehm et al., 1997). The neuroprotective role of resveratrol was recently reported against ischemia and other neurodegerative diseases (Huang et al., 2001; Wang et al., 2002).

To the best of our knowledge, molecular docking study between resveratrol with MMP-2 and MMP-9 has not been done. In the present study, we tried to investigate the neuroprotective property of resveratrol using *in vivo* models and performed molecular docking studies to find out the interaction of resveratrol with MMP-2 and MMP-9.

Materials and Methods {#sec1-2}
=====================

Animals and drug treatment {#sec2-1}
--------------------------

Male Charles foster rats, aged 6 weeks, weighing 250 ± 10 g, were included in this study. All rats were kept under standard laboratory conditions. They were allowed free access to food and water and maintained in a 12-hour day/night cycle. 30 rats were randomly divided into four groups: sham (*n* = 9), vehicle (*n* = 9), pre-middle cerebral artery occlusion (MCAO) treatment (*n* = 6) and post-MCAO treatment groups (*n* = 6). The study was approved by Animal Ethics Committee of Banaras Hindu University, India.

Resveratrol (Sigma, St. Louis, MO, USA) was dissolved in normal saline and intraperitoneally (i.p.) administered at 30 minutes prior to (pre-MCAO treatment group) and 2 hours post MCAO (post-MCAO treatment group). Resveratrol pretreatment in vehicle rats showed that 40 mg/kg (i.p.) resveratrol was the optimum dose (data not shown). The rats that either did not show significant reduction in cerebral blood flow by 70% (data not shown) or they died during surgery or after surgery before completion of experiments were excluded from the study. Randomization and exclusion criteria were taken into consideration to assign groups and their findings.

Induction of focal cerebral ischemia in rats {#sec2-2}
--------------------------------------------

Focal cerebral ischemia was induced by MCAO using a slight modification of the intraluminal technique (Longa et al., 1989). After rats were anesthetized by ketamine (75 mg/kg, i.p.) and xylazine (10 mg/kg, i.p), a midline incision was made to expose the left common carotid artery in the neck region. A 3-0 monofilament nylon suture (4.0 cm in length; Ethicon, USA) was inserted into the external carotid artery lumen through a small nick to block the middle cerebral artery. Monofilament was removed gently after 1 hour of ischemia for reperfusion. All the procedures were performed with the exception of filament insertion in sham-operated rats.

Neurobehavioral assessment {#sec2-3}
--------------------------

Neurological deficit was assessed on the basis of neurological scores obtained after 24 hours of reperfusion injury in all experimental groups (Longa et al., 1989). Rats with a score of 2--3 were included in the final analysis. The neurobehavioral deficit scores after ischemia were recorded on a 5-point scale: 0, No neurological deficit; 1, failure to extend opposite forepaw fully; 2, contralateral circling; 3, rat lost to grip the wire meshes and fell on the contralateral side of brain damage; 4, unable to walk spontaneously.

Measurement of infarct volume and brain edema {#sec2-4}
---------------------------------------------

Rat brains were perfused with normal saline after neurological examination. Brains were immediately transferred to --20°C after removal of the cerebellum. Frozen brains were sliced into uniform coronal sections of 2 mm thickness for TTC staining (Bederson et al., 1986). The brain slices were incubated in 2,3,5-triphenyl-tetrazolium chloride (TTC; 1%; Sigma) followed by 10% formalin overnight (Bederson et al., 1986). Viable brain tissue was found to be brick red after TTC staining whereas infarcted portion of brain tissue remained unstained (appeared white). The infarcted areas were captured as images using a digital camera (10 mega pixal, Sony). The infarct volumes were calculated as previously reported (Majid et al., 2000). Brain edema was calculated using the formula (Hara et al., 1996): (Infarct volume + ipsilateral undamaged volume -- contralateral volume)/contralateral volume × 100%.

Biochemical assay {#sec2-5}
-----------------

To perform biochemical assay, the extent of lipid peroxidation and nitrite production after reperfusion was determined. In brief, cortical and striatal regions from experimental rats were removed quickly after cervical dislocation and homogenized in 0.1 M ice-cold phosphate buffer (pH 7.4). The nitrite level was estimated using Griess reagent and intensity of lipid peroxidation was determined with thio-barbutric acid (Guevara et al., 1998). The nitrite and malondialdehyde (MDA) levels were expressed as pmol/mg and nmol/mg of tissue protein in homogenate. Protein content was estimated with bovine serum albumin as a standard using the Bradford method (Bradford, 1976).

The anti-gelatinolytic activity of MMP-2 and MMP-9 by resveratrol in brain samples was detected using the standard procedure described by MMP gelatinase activity assay kit (Chemicon International, Inc., Temecula, CA, USA). The brain tissue from the striatum and cortex was homogenized in 20 mM Tris HCl buffer (pH 7.5) containing 50 mM CaCl~2~ at 4°C with a homogenizer for 60 seconds. Homogenates were centrifuged at 10,000 × *g* for 60 minutes at 4°C and supernatant was used for assay after addition of kit assay buffer provided by MMP gelatinase activity assay kit. Then the optical density at 450 nm was measured using a microplate reader.

Molecular docking study {#sec2-6}
-----------------------

Molecular docking was performed using Autodock 4.0 software (USA). The crystal structure of MMP-2 and MMP-9 (protein data bank ID: 1QIB and 1L6J respectively) was obtained from Research Collaboratory for Structural Bioinformatics (RCSB) protein data bank ([www.rcsb.org/](http://www.rcsb.org/)). The structure of resveratrol and SMILES notation was generated by ACDLab ([www.acdlabs.com](http://www.acdlabs.com)). The pdb structure of resveratrol was built using SMILE notation. All heteroatoms, including water molecules, except Zn were removed from pdb file of MMP-2 and MMP-9. Hydrogen atoms were added to the MMP-2 and MMP-9 molecule using autodock program while all non polar hydrogen atoms were merged. Lamarkian genetic algorithm was castoff as a search parameter which is constructed on adaptive local search. Short range Van der Waal and electrostatic interactions, hydrogen bonding, entropy losses were included for energy based autodock scoring function (Morris et al., 1998).

The Lamarckian genetic algorithm parameters used in the study were: numbers of run, 30; population size, 150; maximum number of evaluations, 2500,000; number of generation, 27,000; rate of gene mutation, 0.02; crossover rate, 0.8. Blind docking was carried out using grid size 126, 126, 126 along the *X*, *Y* and *Z* axes with 0.0375 nm spacing. The grid center was set to 7.3011, 2.7073 and 2.0837 nm in case of MMP-2. Grid size was set to 126, 126, 126 along the X, Y and Z axes with 0.0619 nm spacing and grid center was set to 3.6887, 3.8837 and 3.4617 nm in case of MMP-9. According to a previous study of Hu and Shelver (2003), the Docking analysis was carried out using +0.95e charge on both Zn for both MMP-2 and MMP-9.

Statistical analysis {#sec2-7}
--------------------

All data are expressed as the mean ± standard error of mean (SEM). One-way analysis of variance followed by Tukey\'s *post hoc* test was performed using Origin 6.0 statistical software (Northampton and Wellesley Hills, MA, USA). *P*-values of \< 0.05 or \< 0.01 were considered statistically significant.

Results {#sec1-3}
=======

Neurobehavioral assessment {#sec2-8}
--------------------------

The neurological deficits scores in the vehicle group were significantly higher than in the sham group (*P* \< 0.01). The neurological deficit scores in the pre-MCAO treatment group and post-MCAO treatment group were significantly lower than in the vehicle group (*P* \< 0.01 or *P* \< 0.05; [**Figure 1A**](#F1){ref-type="fig"}).

![Effect of resveratrol on neurological deficit (A), cerebral infarct volume (B) and brain edema (C) following ischemic injury.\
(A--C) Middle cerebral artery occlusion (MCAO) rats receiving vehicle treatment showed significantly increased neurological deficit scores, cerebral infarct volume, and brain edema compared with rats in the sham group (\*\**P* \< 0.01, *vs*. sham group). However, resveratrol (40 mg/kg, intraperitoneally) treatment 30 minutes pre-MCAO or 2 hours post-MCAO significantly reduced neurological deficit scores, cerebral infarct volume, and brain edema of rats (\#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. vehicle group). Data are expressed as the mean ± SEM. One-way analysis of variance followed by Tukey\'s *post hoc* test was used to compare differences between groups. (B, upper panel) Coronal brain sections stained by 2,3,5-triphenyl-tetrazolium chloride. White means damaged and red means normal, *i.e*., undamaged. I--IV: Sham, vehicle, pre-MCAO treatment and post-MCAO treatment groups, respectively.](NRR-10-568-g001){#F1}

Cerebral infarction and brain edema {#sec2-9}
-----------------------------------

Ischemic infarcts were found in the cerebral cortex in MCAO rats. Infarct volume and brain edema were significantly reduced in the cerebral cortex of rats in the pre-MCAO treatment and post-MCAO treatment groups than in the vehicle group (*P* \< 0.01 or *P* \< 0.05; **Figure [1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}**).

Nitrite and MDA levels in the cortical and striatal regions of the rat brain {#sec2-10}
----------------------------------------------------------------------------

Neuronal nitric oxide synthase has been shown to be always associated with the increase in post-ischemic nitrite level in the rat brain (Garry et al., 2015) and MDA is a marker of lipid peroxidation (Gaweł et al., 2004). Both nitrite and MDA levels were measured in the cortical and striatal regions of the rat brain and they were significantly higher in the vehicle group than in the sham group (*P* \< 0.01), while they were significantly reduced in the pre-MCAO treatment and post-MCAO treatment groups (*P* \< 0.05, **Figure [2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}**).

![Effect of resveratrol on nitrite (A) and malondialdehyde (MDA; B) levels in cortical and striatal regions of rats following ischemic injury.\
(A, B) Nitrite and MDA levels were significantly increased in the vehicle group than in the sham group (\*\**P* \< 0.01, *vs*. sham group). However, nitrite and MDA levels were significantly reduced in the pre-MCAO treatment and post-MCAO treatment groups (\#*P* \< 0.05, *vs*. vehicle group). Data are represented as the mean ± SEM. One-way analysis of variance followed by Tukey\'s *post hoc* test was used to compare differences between groups. I--IV: Sham, vehicle, pre-MCAO treatment and post-MCAO treatment groups, respectively.](NRR-10-568-g002){#F2}

Effect of resveratrol on the activity of brain MMPs {#sec2-11}
---------------------------------------------------

MMP-2 and MMP-9 activities in cortical and striatal regions of rats in the vehicle group were significantly higher than in the sham group (*P* \< 0.05), and they were also significantly lower in the pre-MCAO treatment and post-MCAO treatment groups than in the vehicle group (*P* \< 0.05; **Figure [3A](#F3){ref-type="fig"}, [B](#F3){ref-type="fig"}**).

![Effect of resveratrol on activity of matrix metalloproteinase (MMP)-2 and MMP-9 in cortical and striatal regions of the rat brain following ischemic injury.\
(A, B) Middle cerebral artery occlusion (MCAO) rats receiving vehicle treatment showed significantly increased activity of MMP-2 and -9 compared with rats in the sham group (\**P* \< 0.05, *vs*. sham group). However, resveratrol (40 mg/kg, intraperitoneally) treatment 30 minutes pre- MCAO or 2 hours post-MCAO significantly reduced activity of MMP-2 and MMP-9 (\#*P* \< 0.05, *vs*. vehicle group). Data are represented as the mean ± SEM. One-way analysis of variance followed by Tukey\'s *post hoc* test was used to compare differences between groups. I--IV: Sham, vehicle, pre-MCAO treatment and post-MCAO treatment groups, respectively.](NRR-10-568-g003){#F3}

Molecular docking study {#sec2-12}
-----------------------

Molecular docking studies revealed that the MMPs interaction with resveratrol was influenced by hydrogen bonding with active site residues. The binding energy of the MMP-2-resveratrol complex was −37.848672 kJ/mol with inhibitory constant (Ki) value of 237.25 nM where as for MMP-9-resveratrol complex −36.6345 kJ/mol with Ki value of 384.27 nM. High ranked conformations were found to have affinity for active site with nearly the same binding energy (**Figure [4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}**). In case of MMP-2, Leu 164, Ala 165 and Thr 227 were engaged in H-bonding with resveratrol whereas two residues Ala 217 and Ala 220 engaged in polar contact with resveratrol as shown in [**Figure 4**](#F4){ref-type="fig"}, while Glu 402, Ala 417 and Arg 424 active site residues of MMP-9 were found to be in H-bonding with resveratrol as shown in [**Figure 5**](#F5){ref-type="fig"}, There was no interaction between resveratrol and Zn of MMPs. Comparative analysis of binding energies of MMP-2 and MMP-9 with their respective substrate quercetin and resveratrol are shown in [**Table 1**](#T1){ref-type="table"}, which suggests that resveratrol is engaged with same active site residues as previously reported by Pandey et al. (2012).

![Interaction of resveratrol with the active site residue of matrix metalloproteinase-2 (MMP-2)\
(A) Cartoon structure of resveratrol and MMP-2 complex. (B) Close-up view of the active site of MMP-2 engaged with resveratrol (cyan sphere indicates the presence of Zn ions and green sphere represents the presence of Ca ions). Red color shows the active site residues engaged with resveratrol with H-bonding and green color shows the active site residues engaged with resveratrol in polar contact. (C) Stereo view of resveratrol and MMP-2 complex. (D) Stable binding of MMP-2-resveratrol complex.](NRR-10-568-g004){#F4}

![Interaction of resveratrol with the active site residue of matrix metalloproteinase-9 (MMP-9).\
(A) Cartoon structure of resveratrol and MMP 9 complex. (B) Close-up view of the cavity of MMP-9 engaged with resveratrol (cyan sphere indicates the presence of Zn ions and green sphere represents the presence of Ca ions). Green color shows the active site residues engaged with resveratrol with H-bonding. (C) Stereo view of resveratrol and MMP-9 complex. (D) Stable MMP-9-resveratrol complex.](NRR-10-568-g005){#F5}

###### 

Comparative binding energy of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) with their respective natural substrate quercetin and resveratrol

![](NRR-10-568-g006)

Discussion {#sec1-4}
==========

Persistence of the ischemic condition for a long duration leads to rapid primary neuronal death in the brain core. Following ischemic insult, secondary death is inevitable in the ischemic penumbra that slowly participates in the activation of multiple death pathways. There is no approved therapy currently available which can reduce infarct size or neurological disability caused due to ischemic insult (Parnham and Sies, 2000; Magnoni et ai., 2004). To the best of our knowledge, the mechanism underlying neuronal injury in ischemic stroke has not been fully elucidated. It has been well documented that resveratrol prevents leukocyte migration, inflammatory cytokine production, degranulation and oxidative burst.

Ataie et al. (2010) reported the neuroprotective effects of the various polyphenolic antioxidant molecules against homocysteine-induced cognitive impairment and oxidative stress in the rat (Ataie et al., 2010). Kaplan et al. (2005) reported that pre-ischemic infusion of resveratrol protects the spinal cord from ischemia/reperfusion injury in rabbits. Inhibition of only oxidative stress and inflammation pathways is not the enough targets for neuroprotection, so it is necessary to target and focus other pathways of cell death for regeneration and repair. Li et al. (2012) reported that resveratrol promotes the non-amyloidogenic cleavage of the amyloid precursor protein and enhances clearance of amyloid beta-peptides to protect against Alzheimer\'s disease. Resveratrol shows neuroprotective effects in *in vitro* and *in vivo* animal models of Alzheimer\'s disease (AD) and it is also beneficial in use for the treatment of Parkinson\'s disease, Huntington\'s disease, epilepsy, and chronic-progressive multiple sclerosis.

Recently, Wang et al. (2013) reported that dietary resveratrol provides neuroprotection in recurrent stroke models by regulating AMPK and SIRT1 signaling (Fonseca et al., 2012; Li et al., 2012; Wang et al., 2013). The neuroprotective role of resveratrol has been already established against various oxidative stroke models besides antioxidant and anti-inflammatory property (Huang et al., 2001; Wang et al., 2002). In the present study, the attenuation of elevated nitrite level and lipid peroxidation ([**Figure 2**](#F2){ref-type="fig"}) supports the neuroprotective role of resveratrol against ischemia/reperfusion mediated oxidative injury. Diagrammatic representation of the possible mechanism underlying the MMP-targeted neuroprotective effect of resveratrol in cerebral ischemia is shown in [**Figure 6**](#F6){ref-type="fig"}.

![A flow chart describing the possible pathway of matrix metalloproteinase-targeted neuroprotection of resveratrol in cerebral ischemia.](NRR-10-568-g007){#F6}

Results from this study showed that resveratrol administration in the vehicle group improved neurological deficits ([**Figure 1A**](#F1){ref-type="fig"}). The brain edema in the pre-MCAO treatment group was significantly reduced than in the vehicle group, which suggests the anti-inflammatory property of resveratrol and supports the findings of Issuree et al. (2009) that the anti-inflammatory property of resveratrol is possible due to the inhibition of phospholipase D and sphingosine kinase activity ([**Figure 1C**](#F1){ref-type="fig"}). A study done by Magnoni et al. (2004) showed the significant role of MMPs during cerebral ischemia/reperfusion injury (Magnoni et al., 2004; Saragusti et al., 2010). Several studies have reported that the expression of MMPs is directly proportional to the increase in cerebral infarction during focal cerebral ischemia in rats and inhibition of MMPs reduces the infarct size (Rosenberg et al., 1998; Fujimura et al., 1999). In the present study, reduction in cerebral infarct might be due to inhibition of MMPs by resveratrol.

There are three proposed mechanisms underlying the inhibition of MMPs: (i) transcriptional inhibition (Jonat et al., 1996; Hanemaaijer et al., 1998), (ii) direct effects on the catalytic site after posttranslational modification (Golub et al., 1998) and (iii) indirect effects by regulating the endogenous inhibitors or activators (Courtman et al., 2004). As MMP-2 and MMP-9 play a significant role in the processes following ischemic insult, there is an increasing interest in designing MMP inhibitors to treat cerebral ischemia (Romanic et al., 1998). Our molecular docking study revealed that resveratrol directly interacts with active site residues to inhibit MMP-2 and MMP-9 activities.

There is evidence that MMP-9 has a pocket-like S1' cavity with a floorboard and MMP-2 has a channel-like S1' cavity (Babine and Bender, 1997; Kiyama et al., 1999; Tochowicz et al., 2007). The interaction with Leu 164 and Ala 165 is a very significant characteristic of broad range of MMP-2 inhibitors which exhibit the potent inhibitory role of resveratrol.

Leu 164 was previously known to form strong hydrogen bond with oxygen atom of either amidic carbonyl group or sulfonamide (Babine and Bender, 1997). Both Leu 164 and Ala 165 play a very important role in the selectivity and binding affinity of inhibitors. Additionally, H-bonding with Thr 227 provides high binding affinity with MMP-2. Ala 220 and Ala 217 are also engaged in polar contact with resveratrol and enhance the stability of MMP-2-resveratrol complex.

Active site of MMP-9 comprises catalytic Zn ion and is separated into large "upper" and small "lower" subdomains. These subdomains produce two substrate binding pockets like structure Sn (*n* = 1, 2, 3) and Sn' (n' = 1, 2, 3). The S1' is a substrate binding pocket, formed by these two subdomains. S1' pocket is found in the center of active site cleft neighboring to active site zinc ion. S1' pocket consists of Asp 185-Leu 188 and Pro 421-Tyr 423 which are accountable for hydrogen bonding to substrates/inhibitors. The hedge of S1' cavity is formed by side chains of Leu 188, Leu 397, Val 398, His 401, Leu 418, and Met 422-Tyr 423 main chain. Leu 397 and Val 398 are specific to MMP-9 (Tochowicz et al., 2007). Resveratrol occupies S1' cavity through establishing H-bonding with Glu 402, Ala 417, and Arg 424. Previous studies on polyphenol showed the similar type of MMP-9 inhibition (Tochowicz et al., 2007; Saragusti et al., 2010). The inhibitory effect of quercetin versus resveratrol on MMP-2 and MMP-9 activities reported in our previous study is shown in [**Table 1**](#T1){ref-type="table"} and suggests that resveratrol occupies the same binding site as quercetin (Babine and Bender, 1997; Pandey et al., 2012). Therefore, it is hypothesized that the neuroprotective property of resveratrol is not only due to their antioxidant and anti-inflammatory properties but might also be due to its action in inhibiting MMPs, thus reducing infarct area which has already been supported by Romanic et al. (1998).

Conclusion {#sec1-5}
==========

Results from the present study suggest that resveratrol can enhance the neuroprotective effects against cerebral ischemia/reperfusion injury in rat models of MCAO. The interaction of resveratrol with MMP active site suggests that resveratrol mediated neuroprotection is due to the inhibition of MMPs, which may have therapeutic potential against stroke. Therefore, neuroprotection by resveratrol enhances the application of resveratrol in dietary supplements and in the clinical treatment of ischemia and other MMP-mediated damage.
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